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INTRODUCTION 
Fatigue cracks have been found in many thick annular components in aging 
helicopters such as the pitch shaft, rotor hub, and connecting link in H-46 helicopters. 
Fatigue cracks often occur on the outer and inner surface of the annular components and 
may lead to a critical failure. To keep aging helicopters in operation, these cracks must be 
identified and monitored. At the present time, visual inspection is still the major means to 
detect fatigue cracks in these components. Obviously, there is a need to develop an effective 
and efficient technique for detecting cracks in thick annular components. 
Conventional ultrasonic testing is based on pulse-echo inspection, which can only 
detect cracks in the region of the inspected component immediately below or adjacent to the 
transducers. In order to evaluate the entire component, full access by the transducers is 
therefore required. Since most annular components in mechanical systems are only partially 
accessible, conventional methods are impractical. As an alternative, ultrasonic guided waves 
such as surface and Lamb waves can be used to inspect materials and structures [1,2]. More 
recently, guided wave techniques have been developed for the evaluation of thin airframe 
stiffener weep holes, pipes, and steam generator tubing [3,4,5]. This type of inspection 
techniques is more efficient and is capable of monitoring inaccessible areas. 
An ultrasonic technique is proposed to detect fatigue cracks in thick annular 
components using guided circumferential waves. In an ideal annulus guided circumferential 
waves are dispersive and different wave modes have different sensitivity to cracks at certain 
locations[6,7]. Thus, to successfully implement the proposed technique, it is critical to excite 
wave modes that are appropriate for detecting cracks of interest. The desired circumferential 
wave modes can be generated through carefully controlling the wedge angle and excitation 
frequency[8). 
Fatigue cracks often initiate as very small corner cracks at the edges of annular or 
non-annular portions and then grow in the radial or axial direction. Cracks developed on 
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outer surfaces are readily visualized. This research effort focuses on the development of an 
ultrasonic guided wave technique for detecting the less accessible cracks located on the inner 
surfaces. The aim of experimental results reported here is to investigate the feasibility and 
effectiveness of the proposed technique, to determine the best testing parameters and the 
angular distance at which a crack can be detected, and to improve the technique sensitivity 
through signal processing. 
METHODOLOGY 
Testing Strategies 
Ultrasonic inspection by guided waves is based on the principle that ultrasonic 
signals contain information about integrity of the waveguide along which the ultrasound 
travels. When a propagating wave is incident upon a crack, wave scattering occurs. The 
wave scattering causes a reduction of the amplitude of the transmitted wave through the 
crack and generates a backward propagating wave (backscattered wave or reflected wave) 
from the crack. Either the transmitted wave or the backscattered wave contains information 
about the crack. Thus, there are generally two possible ultrasonic testing strategies for crack 
detection. One which is often referred as to transmission method is to measure the 
transmitted wave and then to identify the variation of the received signal. The other so-called 
pulse-echo method is through monitoring the backscattered wave. In practice, the sensitivity 
of transmission method is lower, and it can only detect large, through -wall cracks. In this 
study, the backscattered wave is used as an indicator for the presence of cracks. 
To detect the backscattered wave, one can use pitch-catch mode of operation(pitch-
catch testing) or pulse-echo mode of operation(pulse-echo testing) in which one transducer is 
utilized as both pulser and receiver as shown in Figure I. Both pitch-catch and pulse-echo 
testing methods are applied to this experimental study. 
Experimental Setup 
The experimental setup as illustrated in Figure 2 consists of a pulser-receiver system, 
transducers and wedges, a digital oscilloscope, and computer. A Panametrics Model 500PR 
pulser-receiver system is used to excite the source transducer and to receive signals from the 
receiver. This model features with pulse-echo and pitch-catch modes of operation. One pairs 
of angle beam transducers from Panametrics are utilized for both generation and detection of 
the guided waves along with a pair of variable angle beam wedges to vary the incident angle 
and detection angle from 0° to 60°. The nominal size of the active element is 12.7 x 25.4mm 
(0.5"xl.0") for all angle beam transducers, and the central frequency is 2.25 MHz. 
Figure 1. Pitch-catch and pulse-echo testing. 
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Figure 2. Experimental arrangement. 
The signals from the pulser-receiver system are transferred to a Tektronix 420 digital 
oscilloscope for signal digitization, then to a PC via a GPIB board for data acquisition with a 
LabView program, and stored in the PC for processing and analysis. Experimental studies on 
various specimens are conducted with this experimental arrangement. 
Signal Processing 
In ultrasonic guided wave testing, more than one modes are often generated in 
different frequency regions by a typical contact ultrasonic transducer with finite dimensions 
and fairly broad bandwidth. Because of the dispersive characteristics of most wave modes 
and the existence of multiple wave modes, the ultrasonic signals tend to be very complicated. 
Thus, the challenge lies in extracting useful information from the complex waveforms. This 
is particularly true with the evaluation of components with complicated geometry. 
To extract the information about cracks and to quantify the backscattered wave by a 
crack, the wavelet transform(WT) is utilized to transform the time-domain ultrasonic signals 
into time-frequency distribution, and then band-Iimitedltime-windowed energy of the signals 
is calculated along time axis by the following equation 
E(t) = ffo+B/2ft+ T/2 IWT('t f)12d'tdf (1) fo -B / 2 I-T / 2 ' 
where Band T are the selected frequency band and time duration, and WT('t, f) denotes the 
amplitude of the wavelet transform. The backscattered wave energy in a limited band is 
adapted as a criteria to evaluate the testing parameters. In calculating the WT of the ultrasonic 
signals, Morlet wavelet is selected. 
CRACK DETECTION IN A CYLINDRICAL RING 
Experiments are performed on a cylindrical ring with dimensions of 101.6 mm and 
125.6 mm for the inner and outer diameters, and 25.4 mm in length. The material of the ring 
is stainless 304. Three crack cases are investigated to demonstrate the feasibility and 
sensitivity of the proposed technique. Two crack cases are a through-wall crack with size of 
1.5 mm and 3.0 mm, and one case with a 3.0 mm partial crack extending only half-way 
through the annulus length. All cracks are in radial direction and simulated by EDM notches. 
In the pitch-catch testing the pulser is always located at 280° far from the crack, and 
signals are collected with the receiver at angular positions 10° to 220° with an interval of 
30°. Figure 3 shows the waveforms from the uncracked ring and the three crac~ cases with 
the receiver at 160° and incident and detection wedge angle of 30°. It is clear that 
backscattered waves by cracks present in waveforms, which means existence of cracks in the 
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structure. Similar results are obtained from the pulse-echo testing as illustrated in Figure 4. 
These experimental results indicates that the guided circumferential waves generated on the 
outer surface are able to detect cracks on the inner surface, and the technique has enough 
sensitivity for all the three crack situations. 
To demonstrate the effectiveness of the signal processing method, the energy of 
waveforms in the frequency band from 2.0 to 2.5 MHz and time window of duration T=O.OJ 
ms is calculated by equation (1). Figure 5 (a) illustrate the energy of waveforms from the 3.0 
mm crack and detected at 40°, 70°, 100° and 160°. These results clearly indicate that the 
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Figure 3. Pitch-catch testing in a cylindrical ring with incident angle 30° and the receiver at 
160°. (a) waveform from uncracked ring, (b), (c), and (d) waveforms from 3.0 mm, 1.5 mm, 
and partial crack cases respectively. 
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Figure 4. Pulse-e~ho testing in a cylindrical ring with incident angle 30° and the transducer 
at 160°. (a) waveform from uncracked ring, (b), (c), and (d) waveforms from 3.0 mm, 1.5 
mm, and partial crack cases respectively. 
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signal processing method is very effective in identifying the presence of back scattered waves 
and their time locations. To quantify the backscattered waves by cracks and their dependence 
on the detection position, the energy of the backscattered waves in frequency range from 2.2 
to 2.3 MHz is calculated for all the three crack cases and without crack case collected with 
the receiver at 10° to 220° as shown in Figure 5 (b). It can be noted that the larger a crack the 
bigger the backscattered wave energy, and crack detection is easier when the receiver is 
located around 50° and 150° from the crack. The shadow area for crack detection is near 90°. 
The incident angle is an important parameter in ultrasonic NDE. Experiments have 
been conducted with incident wedge angles ranging from 20° to 50° with an interval of 5° to 
determine the best incident angle for the purpose of crack detection. In all the experiments, 
the detection wedge angle is always the same as the incident one to maximize the signal 
detection. Then, the energy of the backscattered waves is computed. It is observed that 
backscattered wave energy reaches its maximum value when incident angle is 30°. Thus the 
best incident angle for crack detection is around 30°. 
In practices, annular components or the annular portion of complex-shaped 
components are often assembled with other parts by shafts or pins. To study the influence of 
the inner shaft on the technique sensitivity, experiments are conducted on a cracked ring with 
a hollow pin inside. The fitting condition between the pin and the ring is selected to be an 
interference fit with an average overlap of 0.1 0 mm in radius. The ring dimensions are the 
same as mentioned above, and the crack size is 3.00 mm. The pin is also made of stainless 
steel. 
In this pitch-catch testing the pulser is also located at 280° and waveforms are 
collected at the same angular positions. Figure 6 (a), (b), and (c) show the waveforms 
detected at position 100°, 130°, and 160°. Presence of the backscattered wave by the crack is 
clearly illustrated. The technique sensitivity is not significantly affected by the inner pin. 
However, some other effects of the inner pin are observed. Compared with results from the 
ring without inner pin, the backscattered wave is more concentrated in time and more 
position dependent. It is also noted the energy of backscattered wave is oscillating with the 
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Figure 5. (a) Band-limited and time-windowed energy and (b) dependence of back scattered 
wave energy on angular position of the receiver. 
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Figure 6, Pitch-catch testing in a cylindrical ring with an inner pin with incident wedge angle 
40°. (a), (b), and (c) waveforms with the receiver at 100°, 130°, and 160°, (d) energy of the 
backscattered wave(o: with a 3 mm crack, *: without crack). 
receiver location as plotted in Figure 6 (d). This oscillating feature is most likely due to the 
wave interference. Theoretical and numerical analyses will be conducted to provide a better 
understanding of this phenomenon. 
CRACK DETECTION IN A COMPLEX ANNULAR COMPONENT-THE PITCH 
SHAFT IN THE H-46 HELICOPTER 
The rotor head assembly of the H-46 helicopter includes three major components-the 
pitch shaft, rotor hub, and connecting link. Radial fatigue cracks have been found on the 
inner surface of the annular portion in these components. Figure 7 shows the complex 
geometry of the pitch shaft and a schematic diagram of the pitch-catch testing method. A 3.0 
mm machine-made crack is selected to be on the inner surface where transducers cannot be 
accessible through the near outer surface. The pulser and receiver are located in the positions 
of 170° and 100° far from the crack respectively, and the incident and detection wedge 
angles are 30°. 
Figure 7. Geometry of the pitch shaft and schematic diagram of the pitch-catch testing. 
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Figure 9. Pulse-echo testing in the pitch shaft. (a) wavefonn from the uncracked part, (b) 
wavefonn for the cracked part, and (c) signal energy in frequency band of2.0 to 2.5 MHz 
and time duration of 0.01 ms. 
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Figure 8. Pitch-catch testing in the pitch shaft. (a) wavefonn from the uncracked part, (b) 
wavefonn for the cracked part, and (c) signal energy in frequency band of2.0 to 2.5 MHz 
and time duration of 0.0 1 ms. 
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Figure 8 (a) and (b) show the experimental signals from uncracked and cracked part 
with the pitch-catch testing. By a direct comparison of these waveforms, some difference 
between them can be visualized, but the difference is not very obvious. To identify the 
backscattered wave by the crack, the energy of these waveforms in the frequency band from 
2.0 to 2.5 MHz and time duration 0.01 ms is calculated along the time axis as illustrated in 
Figure 8 (c). The energy plot clearly illustrates the presence ofbackscattered waves and their 
time location. It also provides a quantitative assessment of the backscattered wave. The 
difference of their energy at certain time location is much more significant. It is clear that the 
technique sensitivity is significantly improved by this signal processing scheme. Similar 
results are obtained with the pulse-echo testing as shown in Figure 9, where the transducer is 
located at 100° far from the crack. 
SUMMARY AND CONCLUSION 
An ultrasonic technique to detect cracks in annular components by using guided 
circumferential waves is discussed. The experimental results demonstrate that guided 
circumferential waves generated on the outer surface can be used to detect cracks on the 
inner surface of thick annular components. The technique sensitivity is significantly 
enhanced by the developed signal processing method. The energy of the backscattered waves 
in limited frequency band calculated from the wavelet transform can be utilized as a criteria 
to evaluate the testing parameters. In the studied cylindrical ring the best incident wedge 
angle is around 30°, and the maximum angle at which a crack can be detected is about 180° 
for a 1.5 mm crack. The method was also validated with a machine-made 3 mm crack 
positioned in an inaccessible area on the inner surface of a complex cylindrical component, 
the pitch shaft of the H-46 helicopter. 
Future work will focus on the investigation of the effects of an inner shaft and 
lubricant on the interface of annular components, the determination of the minimum 
detectable crack size, and the applications of the technique to other complex cylindrical 
parts. Numerical analysis will be performed and comparison of the experimental results with 
numerical predictions will be made. 
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